Although metastasis-associated protein 1 (MTA1), a component of the nucleosome remodeling and deacetylase (NuRD) complex, is a DNA-damage response protein and regulates p53-dependent DNA repair, it remains unknown whether MTA1 also participates in p53-independent DNA damage response. Here, we provide evidence that MTA1 is a p53-independent transcriptional corepressor of p21 WAF1 , and the underlying mechanism involves recruitment of MTA1-histone deacetylase 2 (HDAC2) complexes onto two selective regions of the p21 WAF1 promoter. Accordingly, MTA1 depletion, despite its effect on p53 down-regulation, superinduces p21 WAF1 , increases p21 WAF1 binding to proliferating cell nuclear antigen (PCNA), and decreases the nuclear accumulation of PCNA in response to ionizing radiation. In support of a p53-independent role of MTA1 in DNA damage response, we further demonstrate that induced expression of MTA1 in p53-null cells inhibits p21
Regulation of cellular processes requires dynamic coordinated participation of transcription factors and their co-regulators in the target gene chromatin (1) . Deregulation of such processes plays a critical role in the development of malignant phenotypes. One emerging group of chromatin modifiers is the metastasis-associated protein (MTA) 4 family, the members of which are ubiquitously expressed and play critical roles in nucleosome remodeling and histone deacetylation (NuRD) complexes that modify DNA accessibility for co-factors (1, 2) . MTA1, the founding member of the MTA family, is widely up-regulated in human cancers and involved in tumorigenesis, tumor invasion, and metastasis (3, 4) . MTA1 not only functions as a transcriptional repressor of its targets, such as estrogen receptor-␣ (5) and breast cancer type 1 susceptibility protein (BRCA1) (6) , but also as a transcriptional activator via interacting with RNA polymerase II on the breast cancer-amplified sequence 3 (BCAS3) (7) and paired box gene 5 (Pax 5) (8) promoters. In addition to the well recognized role of MTA1 in tumorigenesis and tumor progression, emerging data suggest that MTA1 is a DNA-damage responsive protein as the intracellular levels of MTA1 are induced by ionizing radiation (IR), and plays an important role in DNA double strand break repair (9) . Consistent with these observations, recent studies have demonstrated that MTA1 controls the stability of p53, a protein with a central role in preserving the genomic integrity in response to DNA damage (10) , through inhibiting its ubiquitination by E3 ubiquitin ligases mouse double minute 2 (Mdm2) and constitutive photomorphogenic protein 1 (COP1), thereby regulating the p53-dependent DNA repair (11) .
Among the known transcriptional targets of p53, p21
WAF1
represents one of the best characterized downstream targets of p53 (12, 13) . p21 WAF1 is a critical determinant of the G 1 arrest in response to DNA damage through inhibiting cyclin-dependent kinase activity by binding to cyclin-dependent kinase-cyclin complexes (12) (13) (14) . In addition, by binding to proliferating cell nuclear antigen (PCNA), a DNA polymerase accessory factor, p21
WAF1 interferes with PCNA-dependent DNA polymerase activity, thereby inhibiting DNA replication and modulating various PCNA-dependent DNA repair processes (15) (16) (17) (18) . Moreover, p21
WAF1 can compete for PCNA binding with several PCNA-reliant proteins that are directly involved in DNA repair processes (16, 18) . For example, p21
WAF1 interferes with PCNA-DNMT1, which is required not only for DNA synthesis but also for DNA repair (16, 19, 20) . Additionally, a p21 WAF1 or p21 WAF1 -derived PCNA-interacting peptide inhibits mismatch repair (21) and PCNA-dependent base excision repair (22) , indicating that the p21 WAF1 -PCNA interaction is sufficient for p21 WAF1 to inhibit these DNA repair processes (16) . In support of these findings, ultraviolet (UV) irradiation-induced p21 WAF1 degradation through the F-box protein Skp2-dependent proteasome pathway is essential for optimal DNA repair (23) . Accordingly, failure of degradation of p21 WAF1 after UV irradiation increases bindings to PCNA, resulting in a decreased nuclear accumulation of chromatin-bound PCNA as well as PCNA-dependent DNA repair (23) .
During the course of the gene profiling study in identifying transcriptome differences between the MTA1 ϩ/ϩ and MTA1 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs), we found that p21
WAF1 was up-regulated in the MTA1 Ϫ/Ϫ MEFs relative to its wild-type controls despite the fact that the p53 protein was down-regulated in the MTA1 Ϫ/Ϫ MEFs as compared with the MTA1 ϩ/ϩ controls (11) . Because the p21 WAF1 gene is a known transcriptional target of p53 (12, 13) , and the fact that MTA1 stabilizes p53 (11) but inhibits p21 WAF1 expression, our finding posed an interesting paradox for further investigation. In the present study, we have discovered that MTA1 is a direct transcriptional corepressor of p21
, and MTA1 depletion superinduces p21
WAF1 and inactivates the function of PCNA in DNA repair. These findings uncovered a new target of MTA1 and add a new player to the network of p53-independent DNA damage pathways, and thus, linking two previously unconnected NuRD complex and DNA-damage response pathways. Ϫ/Ϫ /vector) was performed as described previously (9) . All cell lines were grown in the recommended medium by the providers supplemented with 10% fetal bovine serum and 1ϫ antibiotic-antimycotic solution in a humidified 5% CO 2 at 37°C. Cell culture medium and additives were obtained from Invitrogen, if not otherwise stated.
EXPERIMENTAL PROCEDURES
Expression Vectors, siRNAs, and Transfections-pCMV-p53 expression vector and pGL3-p21 WAF1 luciferase reporter plasmid were provided by Yanping Zhang (University of North Carolina, Chapel Hill, NC) and Wei Zhang (M. D. Anderson Cancer Center), respectively. Mutant mouse p21 WAF1 promoter lacking the MTA1 binding region was constructed by cloning the PCR product amplified from the mouse p21 WAF1 promoter (region from Ϫ1860 to Ϫ632) using the forward primer (5Ј-TAGCCCGGGCTCGAGAGATATCCGTTCGT-TCAAACTAAGACTCC-3Ј) and reverse primer (5Ј-CCGG-AATGCCAAGCTTGAGGCACGAGGGGCGTTACAGGTT-CAA-3Ј), and then cloned into a pGL3 basic vector after digesting with XhoI and HindIII using the Clontech Infusion PCR cloning kit (Clontech). Myc-MTA1 and V5-MTA1 expression vectors have been described previously (9 Microarray Gene Expression Assays-Total RNA was isolated from the MTA1 ϩ/ϩ and MTA1 Ϫ/Ϫ MEFs using TRIzol reagent (Invitrogen) according to the manufacturer's instructions, and then purified using the RNeasy Mini Kit (Qiagen, Valencia, CA). The integrity of the purified RNA samples was analyzed on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Starting with 2 g of each purified total RNA sample, rRNA reduction of the purified total RNA samples was performed, using the RiboMinus TM Transcriptome Isolation Kit (Invitrogen). The rRNA-reduced samples were then amplified and labeled using the GeneChip WT cDNA Synthesis/ Amplification Kit and GeneChip WT Terminal Labeling Kit (Affymetrix, Santa Clara, CA). Labeled single-stranded DNA samples were then prepared in a volume of 220 l of hybridization mixture using the Hybridization Module of the GeneChip Hybridization, Wash and Stain Kit from Affymetrix. For each sample, 200 l of hybridization mixture was hybridized on a GeneChip Mouse Exon 1.0 ST Array, which contains more than 266,000 probe sets, at 45°C with 60 rpm rotation in an Affymetrix Hybridization Oven 640 for 17 h. The hybridized arrays were then scanned on an Affymetrix GeneChip Scanner 3000 7G, after the wash and staining on an Affymetrix Fluidics Station 450.
Microarray Data Analysis-Results were saved as a .cel file using the Command Console for each of the six arrays for analysis with the GeneSpring G-X 10.0.2 (Agilent Technologies). Data were processed in GeneSpring GX by statistical analysis using unpaired t test with p value computations done asymptotically and Benjamin Hochberg FDR multiple testing correction with a p value cut-off of 0.05. Further analyses were done using a fold-change cut-off of 3.0. Heat map analysis of the identified genes for individual arrays was performed using MultiExperiment viewer version 4.4 (Dana-Farber Cancer Institute, Boston, MA). Hierarchical clustering, using similarity measure of Euclidean and linkage rule of Centroid, Gene ontology (GO) analysis was performed using GeneSpring GX 10.0.2.
Quantitative Real Time PCR (qPCR) and Chromatin Immunoprecipitation (ChIP) Assay-Both procedures have been described previously (9, 11) . Primer sequences used in these studies are presented in supplemental Tables S1 and S2 . IR, Western blot analysis, immunoprecipitation, luciferase reporter assay, clonogenic survival assay (9), comet assay (25) , immunofluorescence staining of PCNA (23, 26) , and immunohistochemical staining (7) have been described previously in detail.
RESULTS AND DISCUSSION

MTA1 Involvement in Both Gene Expression and Repression-
Recent studies have demonstrated that MTA1 stabilizes p53 and regulates p53-dependent DNA repair (11) . To further characterize the potential mechanism for the functional role of MTA1 in DNA repair, we wished to identify the transcriptome differences between the MTA1 ϩ/ϩ and MTA1 MTA1 Differentially Regulates p21 WAF1 and p53-Interestingly, we found that p21 WAF1 was up-regulated in the MTA1 Ϫ/Ϫ MEFs by 7.61-fold relative to its wild-type controls, despite the fact that p53 protein levels were lower in the MTA1 Ϫ/Ϫ MEFs than those in the MTA1 ϩ/ϩ controls (11). These findings are consistent with the recently emerging notion that, although p21 WAF1 was initially discovered as a genomic target of p53 in cells with DNA damage (12, 13) , p21 WAF1 expression can be regulated independently of p53 during several situations including normal tissue development and cellular differentiation (27) (28) (29) (30) . Because the p21 WAF1 gene is a direct transcriptional target of p53 (12, 13) , and the fact that MTA1 stabilizes p53 (11), these unexpected findings posed an interesting paradox for further investigation. pared with the MTA1 ϩ/ϩ controls ( Fig. 2A) . In agreement with our previous study (11) , a marked reduction in the level of p53 protein was observed in the MTA1 Ϫ/Ϫ MEFs as compared with its level in the MTA1 ϩ/ϩ controls ( Fig. 2A) . To further identify the molecular mechanism underlying regulation of p21 WAF1 expression by MTA1, we measured the mRNA expression levels of the p21 WAF1 gene in the MTA1 ϩ/ϩ and MTA1 Ϫ/Ϫ MEFs using quantitative real time PCR (qPCR). We found that, concomitant with higher p21 WAF1 protein expression in the MTA1 Ϫ/Ϫ MEFs relative to the MTA1 ϩ/ϩ controls ( Fig. 2A) , p21
MTA1 Is a Transcriptional
WAF1 mRNA expression levels were increased significantly in the MTA1 Ϫ/Ϫ MEFs compared with the MTA1 ϩ/ϩ controls (Fig. 2B) WAF1 luciferase activity after 36 h of transfection. Meanwhile, the mammalian reporter pCMV␤ vector expressing extremely high levels of ␤-galactosidase from the human cytomegalovirus immediate early promoter was used as an internal control for monitoring transfection efficiency. We found that p21
WAF1
-promoter luciferase activity was significantly higher in the MTA1 Ϫ/Ϫ MEFs than that in the MTA1 ϩ/ϩ controls (Fig. 2C) , suggesting a potential co-repressor function of MTA1 on the p21 WAF1 promoter. In light of these findings, we next examined the possibility of the recruitment of the MTA1 protein to the p21 WAF1 promoter using a ChIP-based promoter walk assay. To this end, we immunoprecipitated cross-linked chromatin from the MTA1 ϩ/ϩ and MTA1 Ϫ/Ϫ (negative controls) MEFs with an anti-MTA1 antibody or IgG as a control, and then performed PCR using primers designed against about every 400-base pair (bp) region of the p21 WAF1 promoter. We discovered that MTA1 is indeed recruited to the p21 WAF1 chromatin at two selective regions encompassing Ϫ420 to Ϫ120 and Ϫ632 to Ϫ360 in the MTA1 ϩ/ϩ but not in the MTA1 Ϫ/Ϫ MEFs (negative controls) (Fig. 2D) .
MTA1, a component of the NuRD corepressor complex (1, 2), interacts directly with HDAC2 and represses gene transcription by recruiting MTA1-HDAC2 corepressor complexes to the target genes (2, 5). We next examined whether MTA1 and HDAC2 are co-recruited to the same region of the p21
promoter. To this aim, we performed a double ChIP analysis using the MTA1 ϩ/ϩ and MTA1 Ϫ/Ϫ (negative controls) MEFs; the initial ChIP analysis was performed with an anti-MTA1 antibody, and the subsequent ChIP analysis was done using an anti-HDAC2 antibody. Results showed that the MTA1-HDAC2 complex is indeed recruited to these two selective ϩ/ϩ or MTA1 Ϫ/Ϫ MEFs were treated with 1% formaldehyde to cross-link histones to DNA, lysed by sonication, and immunoprecipitated (IP) with anti-MTA1 antibody or IgG control. The immunoprecipitates were washed, the DNA was eluted from the beads, and purified DNA was subjected to PCR. E, double ChIP analysis of recruitment of the MTA1-HDAC2 complex onto the p21 WAF1 promoter. The first ChIP was carried out with anti-MTA1 antibody, followed by a second ChIP with anti-HDAC2 antibody. F, ChIP analysis of recruitment of the p53 protein on the p21 WAF1 promoter using MTA1 ϩ/ϩ or MTA1 Ϫ/Ϫ MEFs. G, ChIP analysis of recruitment of the MTA1 protein on the p21 WAF1 promoter using p53 ϩ/ϩ or p53 Ϫ/Ϫ MEFs. Error bars represent S.E.
regions (Ϫ420 to Ϫ120 and Ϫ632 to Ϫ360) of the p21 WAF1 promoter (Fig. 2E) .
MTA1 Deficiency Compromises p53 Recruitment to the p21 WAF1 Promoter-Because p53 is a well established activator of p21
WAF1 transcription (12, 13), we next examined the recruitment of the p53 protein to the p21 WAF1 promoter in the MTA1 ϩ/ϩ or MTA1 Ϫ/Ϫ MEFs. As shown in the Fig. 2F , we found that the p53 protein is recruited to one region of the mouse p21 WAF1 promoter that we analyzed (encompassing Ϫ632 to Ϫ360), which is overlapped with one of two regions of mouse p21
WAF1 promoter bound by MTA1 (Fig. 2E) . Furthermore, we found that knock-out of MTA1 in the MTA1
Ϫ/Ϫ
MEFs compromised the recruitment of p53 protein to the mouse p21 WAF1 promoter (Fig. 2F) . This observation could be due to the fact that the p53 protein levels were much lower in the MTA1 Ϫ/Ϫ MEFs than those in the MTA1 ϩ/ϩ controls ( Fig.  2A) (11) .
p53-independent Recruitment of MTA1 to p21 WAF1 PromoterOur findings that less p53 protein is recruited to the p21
WAF1
promoter but p21
WAF1 is highly expressed in the MTA1
Ϫ/Ϫ
MEFs as compared with the MTA1 Ϫ/Ϫ controls suggest that MTA1 recruitment to the p21 WAF1 promoter is independent of p53. To further test this notion, we then carried out another ChIP analysis using the p53 ϩ/ϩ or p53 Ϫ/Ϫ MEFs to examine whether MTA1 is recruited to the p21 WAF1 promoter in the p53 Ϫ/Ϫ MEFs. Interestingly, we found that MTA1 is recruited to the p21 WAF1 promoter in both p53 ϩ/ϩ and p53 Ϫ/Ϫ MEFs (Fig. 2G) . Collectively, these results indicate that MTA1 is recruited to the p21 WAF1 promoter independently of p53, and represses p21 WAF1 transcription by, at lease in part, recruiting the MTA1-HDAC2 complex onto p21 WAF1 promoter. To further support the notion that MTA1 is a bona fide corepressor of p21 WAF1 transcription, we next showed that MTA1 efficiently represses both basal and p53-inducible stimulation of p21 WAF1 transcription in p53-null H1299 cells (31) and p53 knock-out (p53 Ϫ/Ϫ ) MEFs (32) (Fig. 3A) , as well as in the wild-type p53-expressing U2OS cells (33) (Fig. 3B) . To further confirm these results, we then deleted the potential MTA1 binding regions on the p21 WAF1 promoter (Ϫ632 to Ϫ120) and then tested the effect of MTA1 on p21 WAF1 luciferase activities. Results showed that deletion of the MTA1 binding region resulted in deficiency of the repression of the p21 WAF1 promoter by MTA1 (Fig. 3C) (Fig. 4A) . The induced p53 was detectable after 30 min of IR exposure in the MTA1 ϩ/ϩ MEFs but took about 60 min to be detected in 
WAF1
-luciferase activity was analyzed and relative luciferase activity was calculated as described above. Error bars represent S.E.
the MTA1
Ϫ/Ϫ MEFs because of the reduced baseline p53 level in the latter case (Fig. 4A) . Of interest, in contrast to the p53 status, levels of p21 WAF1 were superinduced by IR in the MTA1 Ϫ/Ϫ MEFs compared with those in the MTA1 ϩ/ϩ MEFs at all time points but were induced late in the MTA1 ϩ/ϩ MEFs (Fig. 4A) . In support of these findings, immunohistochemical staining of the p21 WAF1 protein with a mouse monoclonal antip21 WAF1 antibody revealed that the magnitude of p21
WAF1
induction by IR was much greater in the thymus glands from MTA1 Ϫ/Ϫ mice than that in the MTA1 ϩ/ϩ mice (Fig. 4, B and  C) . Consistent with these results, Western blot analysis revealed that knock-out of MTA1 results in increased p21
protein expression in the thymus tissues with or without IR treatment (Fig. 4D) .
To further examine the possibility that the reduced p53 in the MTA1 Ϫ/Ϫ MEFs is highly active, we depleted endogenous p53 in the MTA1 Ϫ/Ϫ MEFs by transfecting cells with specific siRNAs targeting mouse p53 or non-targeting control siRNAs. After 36 h of transfection, cells were treated with or without 10 Gy of IR, and then subjected to Western blot analysis of p21 WAF1 protein expression by Western blot analysis. In support of the well established role of p53 in p21 WAF1 activation (12, 13), we found that depletion of p53 in the MTA1 Ϫ/Ϫ MEFs compromised the induction of p21 WAF1 in response to IR exposure (Fig. 4E) . To further test the relationship of these two proteins in controlling p21
, we depleted endogenous MTA1 in the p53 Ϫ/Ϫ MEFs by transfecting with specific siRNAs targeting mouse MTA1 or control siRNAs, and then treated the cells with or without 10 Gy of IR. Protein extracts were collected at the indicated time points after IR treatment and then subjected to Western blot analysis using the indicated antibodies. We found that knockdown of MTA1 in the p53 Ϫ/Ϫ MEFs results in increased induction of p21 WAF1 (Fig. 4F) . Taken together, these results suggest that regulation of p21 WAF1 expression by p53 or MTA1 is MTA1 or p53 independent, respectively.
Enhanced PCNA-bound p21
WAF1 is known to bind to PCNA (15) and modulates various PCNA-dependent DNA repair processes (16) . Because MTA1 Ϫ/Ϫ cells are hypersensitive to IR and exhibit a delayed DNA repair (9) but contain an elevated p21 WAF1 (this study), we next examined the effect of MTA1 depletion on the physical interaction between p21 WAF1 and PCNA and on the function of PCNA. Using sequential immunoprecipitation/Western blotting, we found that the levels of net PCNA-bound p21
WAF1 increased in the MTA1
Ϫ/Ϫ MEFs as compared with such interaction in the MTA1 ϩ/ϩ controls (Fig. 5A ). Given the fact that the p21 WAF1 -PCNA interaction is sufficient for p21
WAF1 to inhibit PCNA-dependent DNA repair processes (16) , and that depletion of MTA1 promotes the binding of p21
WAF1 with PCNA, we next tested whether knock-out of MTA1 impairs the PCNA function. Because the active form of PCNA is bound to DNA as a homotrimeric structure, its recruitment at DNA repair sites can be determined by treating siRNA-transfected cells compared with the control siRNAtreated cells (Fig. 5C ). Because p21 WAF1 binding to PCNA impairs its function in DNA repair (16, 23) , the observed DNA repair modifier role of MTA1 may be, at least in part, due to MTA1 regulation of the p21 WAF1 -PCNA pathway. Revelation of a p53-independent Role of MTA1 in DNA Repair-Because MTA1 stabilizes p53 protein (11) but corepresses p21
WAF1 expression (this study), it is possible that MTA1 has its role in DNA repair though the p21 WAF1 -PCNA pathway independent of p53. Given the fact that MTA1 Ϫ/Ϫ cells still contain low levels of p53 protein (11) (Figs. 2A and  4A ), we generated pooled clones of p53 Ϫ/Ϫ MEFs stably expressing V5-tagged MTA1 (p53 Ϫ/Ϫ /V5-MTA1) and empty vector (p53 Ϫ/Ϫ /vector) as model systems to test a p53-independent role of MTA1 in modulation of radiation sensitivity. As shown in Fig. 6A , expression of V5-MTA1 in p53
Ϫ/Ϫ /V5-MTA1 MEFs was confirmed by Western blotting using an anti-V5 antibody. To investigate the possible role of MTA1 in the p53-independent DNA repair processes, we first examined the effect of MTA1 expression on cell survival in response to IR by a clonogenic survival assay (35) . We found that MTA1 expression in the p53 Ϫ/Ϫ /V5-MTA1 MEFs decreased cellular sensitivity to IR-induced DNA damage and increased clonogenic survival efficiency as compared with the p53 Ϫ/Ϫ /vector MEFs (Fig. 6B) .
Immediately after DNA double strand break generation, histone H2AX is phosphorylated at Ser 139 at the conserved SQ motif on the C-terminal tail (36, 37) . The phosphorylation of H2AX (termed ␥-H2AX) occurs specifically at the double strand break surrounding chromatin, encompassing hundreds of thousands of base pairs, resulting in organization into a sub- A, p53 Ϫ/Ϫ MEFs were transfected with expression vector encoding pcDNA6/V5-MTA1 or empty vector, and then selected using 10 g/ml of blasticidin S for 2 weeks. Resultant clones were isolated, and expression of V5-MTA1 was detected by Western blot analysis. B, stable clone cells were subjected to clonogenic assays as described in the legend to nuclear chromosomal structure that can be visualized by immunostaining, termed IR-induced nuclear foci or frequently referred to as repair foci (38) . We next examined whether MTA1 deficiency affects the formation of ␥-H2AX foci by immunofluorescent staining using a phospho-H2AX (Ser 139 ) antibody. After IR treatment, we found a notable reduction in the number of ␥-H2AX-containing repair foci and in the maximum achievable levels of the ␥-H2AX protein in p53 Ϫ/Ϫ /vector MEFs as compared with the p53 Ϫ/Ϫ /V5-MTA1 MEFs (Fig.  6C) , suggesting that MTA1 is critical for the formation of ␥-H2AX foci after DNA damage.
We next evaluated whether the DNA repair capacity was restored by induced expression of MTA1 in the p53 Ϫ/Ϫ MEFs by performing single-cell electrophoresis analysis under neutral conditions (neutral comet assay) that specifically measure DNA double strand breaks in cells damaged by IR at the level of individual cells (25, 39) . Results showed that, immediately after irradiation (0 h) by 10 Gy of IR, approximately the same amounts of DNA fragments were generated from the p53 Ϫ/Ϫ / V5-MTA1 and p53
Ϫ/Ϫ /vector MEFs (Fig. 6D) . When remaining unrepaired DNA fragments were monitored at various hours after IR treatment, we found that p53 Ϫ/Ϫ /vector MEFs exhibited the much higher levels of damaged DNA than the p53 Ϫ/Ϫ /V5-MTA1 MEFs (Fig. 6D) , suggesting a p53-independent function of MTA1 in DNA repair.
To further understand the biochemical basis of MTA1-dependent modulation of DNA repair, we showed that overexpression of MTA1 in p53 Ϫ/Ϫ /V5-MTA1 MEFs was accompanied by a reduced p21
WAF1
-promoter activity than was seen in p53 Ϫ/Ϫ /vector controls (Fig. 6E) . Accordingly, the level of p21 WAF1 and PCNA-bound p21 WAF1 in the p53 Ϫ/Ϫ /V5-MTA1 MEFs was substantially less than in the p53 Ϫ/Ϫ /vector controls under both basal-and IR-stimulated conditions (Fig. 6F) . Collectively, these findings reveal an inherent role of MTA1 in DNA damage response in the absence of functional p53.
In summary, findings presented here have shown a distinct up-regulation of p21 WAF1 despite a reduced level of p53 in MTA1 Ϫ/Ϫ cells under both basal and IR-exposed conditions (Fig. 4) . Insights from the molecular studies discovered a corepressor function of MTA1 on p21
WAF1 transcription due to recruitment of the MTA1-HDAC2 complex onto the p21 WAF1 promoter chromatin (Fig. 2, D and E) . The increased p21 WAF1 , due to the loss of its corepressor MTA1, in MTA1-deficient cells was functional as it results in increased binding and inactivation of the function of PCNA in DNA repair (Fig. 7) . These results revealed the existence of an additional p53-independent role of MTA1 in DNA repair as validated by decreased radiosensitivity of the p53-decificent cells by MTA1 overexpression (Fig. 6B) . Because p53 is frequently mutated in a majority of human cancers, sensitizing these p53-deficient or mutant cells to IR or other DNA damage agents by targeting MTA1 expression may contribute to an exciting potential therapeutic strategy.
